The nickel-containing enzymes of Helicobacter pylori, urease and hydrogenase, are essential for efficient colonization in the human stomach. The insertion of nickel into urease and hydrogenase is mediated by the accessory protein HypA. HypA contains an N-terminal nickel-binding site and a dynamic structural zinc-binding site. The coordination of nickel and zinc within HypA is known to be critical for urease maturation and activity. Herein, we test the hydrogenase activity of a panel of H. pylori mutant strains containing point mutations within the nickel-and zinc-binding sites. We found that the residues that are important for hydrogenase activity are those that were similarly vital for urease activity. Thus, the zinc and metal coordination sites of HypA play similar roles in urease and hydrogenase maturation. In other pathogenic bacteria, deletion of hydrogenase leads to a loss in acid resistance. Thus, the acid resistance of two strains of H. pylori containing a hydrogenase deletion was also tested. These mutant strains demonstrated wild-type levels of acid resistance, suggesting that in H. pylori, hydrogenase does not play a role in acid resistance.
Introduction
Helicobacter pylori is a Gram-negative bacterium that colonizes the gastric mucosa of approximately 50% of humans [1] . Chronic infection with H. pylori is strongly associated with development of gastric carcinoma and B-cell mucosa-associated lymphoid tissue (MALT) lymphoma, leading to the classification of this bacterium as a Group 1 carcinogen [2] . Given the association with human disease, a greater understanding of the molecular mechanisms used by H. pylori to colonize the human stomach has the potential to reveal novel therapeutic targets, and thus, is of significant interest.
Two components that have been shown to be required for efficient colonization of H. pylori in animal models are the nickel-containing enzymes, urease and hydrogenase [3] [4] [5] [6] [7] [8] 
Materials and methods

Bacterial growth
Strains are listed and described in Table 1 . H. pylori strains were maintained at -80˚C in brain heart infusion (BHI) broth (BD) supplemented with 20% (v/v) glycerol (CalBioChem) and 10% (v/v) fetal bovine serum (FBS, Gibco). H. pylori G27 and G27-derived strains were grown on 4.4% (w/v) Columbia agar (Acumedia) supplemented with 5% (v/v) horse blood (HemoStat), 0.2% (w/v) β-cyclodextrin (Sigma), 10 μg/mL vancomycin (Amresco), 2.5 U/mL polymyxin B sulfate (Sigma), and 8 μg/mL amphotericin B (Amresco). Liquid growth of G27 strains was accomplished in Brucella broth (Acumedia) supplemented with 10% (v/v) FBS and 10 μg/mL vancomycin. G27 cultures were grown at 37˚C under microaerophilic conditions (10% CO 2 , 5% O 2 , and N 2 as balance) achieved using an Anoxomat (Advanced Instruments Inc). H. pylori 26695 and 26695-derived strains were grown on Brucella agar plates (Becton Dickinson) supplemented with 10% sheep blood (Hemostat) in CO 2 incubators (Thermo Scientific) under microaerophilic conditions (5% CO 2 , 4% O 2 , and N 2 as balance). Liquid growth of 26695 strains was performed in BHI broth supplemented with 0.4% β-cyclodextrin (Sigma) under microaerophilic [25] with the main chain colored in light grey and the metal binding sites in color to highlight the location of residues involved in metal coordination.
Residues comprising the nickel-binding site (M1, H2, E3, and D40) are shown in green. Residues of the zinc-binding site (C74, C77, H79, C91, C94, and H95) are shown in cyan. The metal-binding oxygen (red), nitrogen (blue), and sulfur (yellow) atoms are shown as small spheres. The nickel atom representation in this figure (dotted green circle) was not resolved in the 2KDX structure, and the resolved zinc atom is shown as a dark grey sphere. The zinc-binding site adopts two pH-dependent conformations, as illustrated: Zn(Cys) 2 (His) 2 at acidic pH, and Zn(Cys) 4 at neutral pH. (B) HypA contributes to the maturation of hydrogenase and urease through delivery of nickel (green circles). Urease requires nickel for activity, of which one of the downstream effects is acid resistance. In the absence of HypA, maturation of urease can still be accomplished through the addition of excess nickel (dashed line). Hydrogenase requires nickel for activity, but herein is shown not to contribute to in vitro acid resistance (red X). In the absence of HypA, maturation of hydrogenase cannot be accomplished through the addition of excess nickel. was used as a template for polymerase chain reaction (PCR) to amplify fragments of DNA flanking hydB. The primer pair hydB_us_F and hydB_us_R was used to amplify a 490-bp fragment upstream of hydB (containing coding sequence for hydA). The upstream primer contained an additional 24-bp complementary sequence to the 5 0 sequence of the kan cassette. The primer pair hydB_ds_F and hydB_ds_R was used to amplify a 683-bp fragment downstream of hydB (containing coding sequence for hydC); the forward primer contained an additional 26-bp sequence that was complementary to the end of the kan cassette. Primer pairs NP_kan_F and NP_kan_R were used to amplify aphA3, which encodes a Kan R gene, from pDSM199. The three fragments were assembled using splicing-by-overlap-extension (SOE) PCR. The spliced PCR product was ligated into the pGEM-T Easy vector (Promega) and transformed into E. coli TOP10 cells. Transformants were selected with ampicillin and screened for growth of white colonies on X-gal and IPTG. The desired SOE product was confirmed by Sanger sequencing. The plasmid containing the sequenced product was named pDSM1569, and the E. coli strain containing pDSM1569 was named DSM1569. The 2061-bp SOE product was amplified from E. coli using primers that annealed to the backbone of the plasmid, and 500 ng of the resulting linear DNA was transformed into H. pylori G27. Transformants were selected for on HBA plates containing kanamycin. Incorporation of the kan cassette to replace hydB was confirmed by Sanger sequencing using hydB_conf_F and hydB_conf_R primers. The resultant mutant strain was named DSM1570 (Table 1) . A ΔureAB deletion insertion strain containing a cat cassette replacing the coding sequence for ureAB (HP0073 and HP0072) was constructed in H. pylori 26695 using a SOE PCR method as described previously [35] .
Hydrogenase activity
Hydrogen oxidation activity was measured at room temperature (~23˚C) using whole cell lysates of various H. pylori strains. Cells were grown as previously described [30] ) [37] where two reduced-MV were expected for every H 2 oxidized [36] . The reaction was initiated by adding 30 μL of whole cell lysate to 1 mL of deoxygenated H 2 ase Reaction Buffer (50 mM Tris-HCl, 2 mM methyl viologen, pH 8.0) in a glass vial. After an initial lag time, the reaction mixture was transferred to a quartz cuvette and the appearance of methyl viologen reduction was monitored at A 578 nm for 45-150 minutes, of which the slope of the linear increase in absorbance over time is taken as the rate. The lag is due to anaerobic activation that occurs upon exhaustion of trace oxygen levels [38] . Reaction initiated by lysis buffer alone was used to correct for background activity/instrument drift, which is in the same order of magnitude (H 2 -OX~10 −8 μmol/min) as the ΔhydB strain (where no activity was expected) and less than 1% of any other strains tested. The specific H 2 -oxidation activity was obtained by normalizing against the total protein in the whole cell lysate. Three biological replicates were tested for each strain (unless otherwise noted) and the specific H 2 -oxidation activity of each strain was normalized against the activity of the wild-type strain to obtain percent hydrogenase activity relative to wild-type.
Urease activity
Urease activity assays of whole cell extracts of H. pylori wild-type, ΔureB, and ΔhydB strains were performed as previously described [30] . Briefly, for each strain, overnight liquid cultures of H. pylori were used to inoculate 5 mL liquid cultures to an optical density at 600 nm (OD 600 ) of 0.05, and then allowed to grow for 22 hr. At that point, the OD was measured and 1 OD unit of H. pylori was pelleted by centrifugation. The supernatants were removed and the bacterial pellets were stored at -20˚C until ready for urease assays. The frozen cells were thawed and resuspended in 750 μL of ice-cold lysis buffer (HEPES buffer at pH 7.0, 1 mM PMSF, and 1x protease inhibitor cocktail). Resuspended cells were kept on ice during lysis, which was performed by sonication at 70% power for 6 pulses (2 sec each). The lysate was centrifuged at 15,000 x g for 10 min to remove insoluble material from the soluble whole cell extracts. The protein concentration of soluble whole cell extracts was determined by Bradford assays using the Pierce Coomassie Protein Assay Kit (Thermo Fisher Scientific). Urease activity was determined using a modified phenol-hypochlorite method, which measures the amount of ammonia released from the soluble whole cell extract in the presence of urea [39, 40] . Five μL of whole cell extract was added to 245 μL of urease reaction buffer (50 mM HEPES, 25 mM urea, at pH 7.0), and incubated at 37˚C for 20 min to allow for ammonia production. The reaction was quenched by the sequential addition of 375 μL of phenolhypochlorite buffer A (100 mM phenol, 167.8 mM sodium nitroprusside) and of 375 mL of phenol-hypochlorite buffer B (125 mM NaOH, 0.044% NaClO). The assay mixture was incubated at 37˚C for 30 minutes to allow for color development, due to the conversion of phenol to indophenol, and measured at A 625 nm . Assays were performed alongside a standard curve created using known amounts of ammonium chloride in place of the whole cell extract. The specific urease activity was determined by calculating the nmol of ammonia produced per μg of total protein in each whole cell extract. Relative urease activity of each strain was determined by normalizing against the specific activity of the wild-type strain to obtain percent urease activity relative to wild-type. Three biological replicates were tested for each strain.
Acid survival assay
Liquid cultures of H. pylori G27 were inoculated to an OD 600 of 0.05 from an overnight starter liquid culture and were then grown for 18-19 h to an OD 600 of approximately 0.9-1.0. 1-mL aliquots were pelleted at 2500-3000 x g and were resuspended in 1 mL phosphate buffered saline (PBS) at pH 6.0 or pH 2.3, and with or without supplemented 5 mM urea. To prepare the resuspension solutions, urea was added from a freshly made 100 mM (in PBS) stock, as appropriate, and the pH of the solutions was adjusted using 6 M HCl. Immediately after resuspension, a 100-μL aliquot of H. pylori was removed, serially diluted in Brucella broth to 10
, and 10 μL aliquots of each dilution were plated to determine the colony-forming units (CFU) at T 0 for each condition. The remaining H. pylori were incubated at 37˚C for 1 h with shaking. At 1 h, a second 100-μL aliquot was removed, serially diluted, and plated to determine the CFU at T 60 for each condition. CFU counts were quantified after 4-5 d of growth. for each strain and condition using the equation T 60 / T 0 x 100%. Three biological replicates were performed for each isolate and for each strain background.
Data processing
Hydrogenase activity, urease activity, and acid survival data presented in Table 2 were processed as follows. The raw data was retrieved from the current study, Johnson et al. [30] , and Hu et al. [26] . The urease activity presented in Johnson et al. had previously been normalized such that hypA-R = 100%; to match the data presented in the current study and in Hu et al., the raw data was renormalized such that WT = 100%. Between the current study and the previous publications, the urease activity and acid survival of two strains (WT and ΔureB) had been reported three times, and for two additional strains (hypA::kan-sacB and hypA-R) had been reported two times. Similarly, the hydrogenase activity of these four strains was measured three or two times in the current study. To present data from multiple experiments with minimal bias, these values were averaged and the data are shown in Table 2 .
Results
H. pylori hydrogenase does not contribute to acid resistance
In Escherichia coli K-12 [41, 42] , Salmonella enterica serovar Typhimurium [43] , and Shigella flexneri [44] , hydrogenase mutant strains exhibit impaired acid resistance. However, to our knowledge the role of H. pylori hydrogenase in acid resistance has not yet been investigated. Thus, to determine the role of the hydrogenase pathway in H. pylori acid resistance, we generated a deletion mutation of hydB in the G27 strain background. To confirm that the ΔhydB shaded light grey are indicative of a moderate defect, defined as >15% and 60% hydrogenase activity; >2.5% and 10% urease activity; or >10% and 50% acid survival. b Johnson et al. [30] . c Hu et al. [26] . d ND (not determined).
e Herbst et al. [24] .
https://doi.org/10.1371/journal.pone.0183260.t002 strain was hydrogenase negative, hydrogenase activity was measured using a methyl viologen assay; the parental WT strain and a urease mutant strain (ΔureB) were included as controls (Fig 2A) . As expected [17] , the ΔhydB strain was hydrogenase negative (Fig 2A) . Unexpectedly, the ΔureB strain showed increased hydrogenase activity as compared to that of WT. To confirm that deletion of hydrogenase had no effect on urease activity as previously described [45] , urease activity was measured using a modified phenol-hypochlorite assay for NH 3 production. The ΔhydB strain exhibited urease activity similar to the wild-type strain (Fig 2B) .
We next examined the contribution of hydrogenase to H. pylori acid resistance; bacteria were exposed to pH 6.0 or pH 2.3, in the presence or absence of 5 mM urea. All strains survived at pH 6.0, independent of the presence or absence of urea (Fig 3A and 3B) . Conversely, at pH 2.3 without urea, all strains exhibited significantly impaired survival (limit of detection [LOD] = 100, open symbols, Fig 3C) . At pH 2.3 in the presence of urea, the ΔureB strain was extremely acid sensitive ( Fig 3D) ; this was expected since the ΔureB strain is unable to utilize urea to neutralize low pH. In contrast, survival of the WT and ΔhydB strains was comparable (Fig 3D) . Thus, unlike in other pathogenic bacteria, hydrogenase appears to play no role in acid resistance in H. pylori.
Given the high degree of genetic diversity seen between strains of H. pylori [46, 47] , we next sought to confirm these results in an additional H. pylori strain. To this end, we utilized a ΔhydABCDE mutant strain [32] , and constructed a urease-negative control (ΔureAB), in H. pylori 26695. As shown in Fig 4 , the results obtained with the 26695 strain background were comparable to those obtained with G27. En masse, these data indicate that hydrogenase does not contribute to in vitro acid resistance of H. pylori.
Metal coordination in HypA is necessary for hydrogenase activity
We previously constructed and characterized a panel of isogenic strains of H. pylori G27 that contained mutations at the zinc and nickel coordination sites of hypA [24, 26, 30] . Within the zinc-binding site, the four Cys residues (C74, C77, C91, and C94) were mutated to Ala and were used to measure hydrogenase activity using a methyl viologen assay. The rate at which H 2 was oxidized (in μmol/min) was obtained using the slope of absorbance at A 578 nm , which was normalized to the amount of total protein in the cell lysate (in μg), and normalized against the activity of the WT strain to obtain percent hydrogenase activity. Three biological replicates were tested for each strain, and the mean and standard deviation are graphed. (B) Cell lysates of the WT, ΔureB, and ΔhydB strains were used to measure urease activity using ammonia production in a phenol-hypochlorite assay. The specific urease activity was normalized to the amount of total protein in the cell lysate (in μg), and normalized against the specific activity of the WT strain to obtain relative urease activity. Three biological replicates were tested for each strain, and the mean and standard deviation are graphed.
https://doi.org/10.1371/journal.pone.0183260.g002
Asp, and the two His residues (H79 and H95) were mutated to Ala; mutation of any of these Cys residues results in a protein that at neutral pH adopts a conformation that features a Zn (Cys) 2 (His) 2 site, similar to the conformation favored by WT-HypA in an acidic environment [24] . Likewise, mutation of either His residue within the zinc-binding site results in a Zn(Cys) 4 Fig 3. The ΔhydB strain of H. pylori G27 is not attenuated for acid survival. The wild-type (WT) strain, urease mutant strain (ΔureB), and hydrogenase mutant strain (ΔhydB) were incubated for 1 hr in PBS adjusted to pH 6.0 (A and B) or to pH 2.3 (C and D), in the absence (A and C) or presence (B and D) of 5 mM urea. The number of colony-forming units (CFU) was measured at 0 min (T 0 ) and at 60 min (T 60 ), and percent survival was calculated as CFU at T 60 divided by CFU at T 0 . Data from individual biological replicates are shown as points, with the bar plotted at the mean. Open symbols indicate that no bacteria were recovered and thus, the CFU are plotted as a function of the limit of detection (100 CFU/mL). Three biological replicates were performed. For panels A-C, a one-way ANOVA followed by Dunnett's test for multiple comparisons was performed; the comparison was made only to WT. In panel D, the same statistical tests were performed on the logtransformed data. **** = p < 0.0001.
https://doi.org/10.1371/journal.pone.0183260.g003 The wild-type (WT) strain, urease mutant strain (ΔureAB), and hydrogenase mutant strain (ΔhydABCDE) were incubated for 1 hr in PBS adjusted to pH 6.0 (A and B) or to pH 2.3 (C and D), in the absence (A and C) or presence (B and D) of 5 mM urea. The number of colony-forming units (CFU) was measured at 0 min (T 0 ) and at 60 min (T 60 ), and percent survival was calculated as CFU at T 60 divided by CFU at T 0 . Data from individual biological replicates are shown as points, with the bar plotted at the mean. Open symbols indicate that no bacteria were recovered and thus, the CFU are plotted as a function of the limit of detection (1000 CFU/mL). Three biological replicates were performed. For panels A-C, a one-way ANOVA followed by Dunnett's test for multiple comparisons was performed; the comparison was made only to WT. In panel D, the same statistical tests were performed on the log-transformed data. **** = p < 0.0001.
https://doi.org/10.1371/journal.pone.0183260.g004 structure, similar to that adopted by WT-HypA in a neutral environment [24] . Within the nickel-binding site, a Leu residue was inserted into position 2 (L2 Ã ), between the Met and His residues of the invariant MHE motif of the HypA-HybF protein family [48] ; this insertion extends the distance to the N-terminal amine on the Met residue and changes the coordination and electronic structure of nickel at this site [26] .
This panel of HypA mutations was previously used to examine the contribution of the metal coordination sites to urease maturation and acid resistance [24, 26, 30] . However, a functional role for these changes to the HypA nickel-and zinc-binding sites has not been examined for hydrogenase maturation. Therefore, we used these isogenic strains to measure hydrogenase activity in comparison to a series of control strains; the control strains included the WT strain, ΔureB, hypA::kan-sacB, and a hypA restorant (hypA-R) strain that was created to control for potential issues related to genetic manipulation of H. pylori. Analysis of the strains showed that the hydrogenase activity of the L2 Ã -HypA mutant strain was reduced to approximately 14% of WT activity (Fig 5A) . This was comparable to the hydrogenase activity observed with the hypA::kan-sacB mutant strain (12%). Similar to the results shown in Fig 2A, the hydrogenase activity of the ΔureB strain was higher than in the parental WT strain (Fig 5A and 5B). Mutations within the zinc-binding site resulted in a variety of effects on hydrogenase activity (Fig 5B) . While mutation of either His residue (H79 and H95) had little effect on hydrogenase activity (90 and 110%, respectively), the remaining mutations could be categorized into those with moderate decreases and severe decreases in hydrogenase activity. Moderate decreases were observed for C77A (36%), C77D (43%), C91D (40%), and C94D (60%). Severe decreases were observed for C74A (12%), C74D (15%), C91A (12%), and C94A (9%); these values were similar to those observed in the hypA::kan-sacB strain (12%). Thus, though the nickel and zinc coordination sites of HypA are critical for the hydrogenase maturation pathway, the absolute importance of each residue varies to some degree. Cell lysates from the indicated hypA mutant strains, in addition to wild-type (WT) strain, urease mutant strain (ΔureB), hypA mutant strain (hypA::kan-sacB), and hypA restorant (hypA-R) were utilized to determine hydrogenase activity using a methyl viologen assay. The rate at which H 2 was oxidized (in μmol/min) was obtained using the slope of absorbance at A 578 nm , which was normalized to the amount of total protein in the cell lysate (in μg), and normalized against the activity of the WT strain to obtain percent hydrogenase activity. The hydrogenase activities of hypA mutant strains with mutations found within the nickel-binding site (A) and within the zinc-binding site (B) are shown. Two biological replicates were tested in A, and three biological replicates were tested in B. The mean is graphed, with range (A) or standard deviation (B).
Though the effect of individual mutations within the metal-coordinating sites of HypA appears to be consistent between urease [26, 30] and hydrogenase activities (Fig 5) , we wanted to compare these values more directly. Therefore we compiled data for the enzyme activities, acid survival, and nickel dissociation constants from the current study and previous publications [24, 26, 30] and present them in Table 2 . Mutation of the His residues within the zincbinding site had little effect on hydrogenase activity, urease activity, or acid survival, suggesting that HypA locked into the neutral pH-structure still contributes fully to urease and hydrogenase maturation. On the other end of the spectrum, the L2 Ã -HypA mutation within the nickelbinding site had a dramatic effect on enzymatic activities and on acid survival, often to the same level as deletion of hypA. This suggests that either the decrease in nickel affinity or change in nickel coordination disrupts the ability of HypA to contribute to hydrogenase and urease maturation. Phenotypes associated with mutation of the Cys residues within the zincbinding site were variable, but the mutations with the largest effect on acid survival (C91A and C94A) also had severe effects on urease and hydrogenase activity. Similarly, HypA mutants C77A, C77D, C91D, and C94D, which displayed moderate decreases in urease activity (2.9, 5, 5, and 5%, respectively), presented moderate decreases in hydrogenase activity (36, 43, 40 , and 60%, respectively), and had little/no effect on acid survival (90, 90, 90, and 110%, respectively). Thus, any HypA mutation locked into the acidic pH-structure resulted in some degree of defect in downstream enzymatic maturation. Of note, for mutations within the zinc-binding site, nickel affinity only roughly correlated to hydrogenase or urease activity. The two His mutants retained nickel affinity similar to WT HypA, and had little effect on hydrogenase or urease activities. Where the nickel affinity of the Cys mutants is known, all have a K D 10-fold higher than WT HypA, and some effect on hydrogenase and urease activity; however, within the Cys mutants, we could not directly correlate nickel affinity to the downstream enzymatic activities. While the reason for this is not immediately evident, we do note that the K D values are measured using purified proteins and may not accurately reflect what is seen within the H. pylori cell. Further, we note that it is possible that the mutation of individual HypA residues may affect the level of HypA that accumulates within the cell, which could impact downstream hydrogenase and urease activities. Future studies will be required to determine if these mutations affect the stability and steady-state concentration of HypA within H. pylori. Overall, these data indicate that HypA-dependent maturation of both urease and hydrogenase requires identical residues and similar coordination at the zinc-and nickel-binding sites.
Discussion
Though a role for hydrogenase in acid resistance has been shown in several other pathogenic bacteria, the [NiFe] uptake-type hydrogenase of H. pylori does not appear to contribute to acid resistance ( Figs 1B, 3 and 4) . Though the reason for this variation across pathogens is not completely clear, several interesting differences across the various species are apparent. For example, Salmonella enterica serovar Typhimurium carries three hydrogen uptake-type hydrogenases (hya, hyb and hyd), in addition to two hydrogen-evolving hydrogenases (hyc and hyf). Deletion of hya, but not hyb or hyd, results in loss of acid resistance and impaired survival inside macrophages [43] . Though the exact mechanism by which Hya contributes to the acid stress response of S. Typhimurium is unknown, a mechanism involving energy conservation by Hya via recycling of H 2 produced by Hyc has been proposed [43, 49] . Interestingly, deletion of the three uptake hydrogenases (hya, hyb, and hyd) results in a colonization-deficient strain of S. Typhimurium; furthermore, each double mutant strain was less virulent than the parent strain [50] . Similarly, in Shigella flexneri, deletion of the hydrogen-uptake-type hydrogenase hya results in an acid sensitive mutant strain [44] , while in Escherichia coli, deletion of the hydrogen-evolving hydrogenase encoded by hyc results in acid sensitivity in anaerobic growth conditions [42] . It is worth noting that each of these other pathogens that rely on a hydrogenase for acid resistance have limited mechanisms for dealing with acid stress as compared to urease activity in H. pylori. Indeed, acid neutralization is accomplished quickly by H. pylori urease; when incubated in unbuffered HCl as low as pH 3, H. pylori increases the pH to neutral within 1 min [11] . Despite living in the human stomach, H. pylori is not an acidophile, and appears to synthesize a large amount of urease (up to 10% of the nascent protein content) for protection against a sudden decrease in pH [11] . With such a robust mechanism for acid neutralization, and so much energy committed to urease synthesis and nickel sequestration, perhaps H. pylori simply does not need to dedicate a second nickel-containing enzyme (hydrogenase) to cope with acid stress.
We observed a loss of acid resistance in strains of H. pylori lacking urease, but not in strains lacking hydrogenase (Figs 3 and 4) . Previous studies have shown that hydrogenase mutant strains of H. pylori are deficient for colonization in mouse and Mongolian gerbil models of infection [7, 8] . The degree of deficiency varies depending on the animal model and/or H. pylori strain background [7, 8] . Given the lack of a pH-sensitive phenotype, the role of hydrogenase during H. pylori animal infection may solely be the previously proposed utilization of H 2 as an energy source [7] ; this role is intricately linked to powering of DNA uptake through the ComB type IV secretion system (T4SS) and CagA toxin translocation through the Cag T4SS [8] . Decreased CagA translocation is supported by the fact that gerbils infected with a Δhyd mutant strain of H. pylori exhibited lower levels of inflammation [8] . Interestingly, hydrogenase mutant strains of Helicobacter hepaticus do not induce inflammation or necrosis in a model of liver infection in mice [51] . Thus, perhaps the energy produced by hydrogenase plays a more global role in the synthesis of downstream virulence factors in a number of different pathogenic bacteria.
While mutation of hydrogenase or urease resulted in the expected loss of each respective enzymatic activity (Fig 2, [30] ), we unexpectedly found that deletion of ureB consistently resulted in an increase in hydrogenase activity above that seen in the wild-type parental strain (Figs 2A, 5A and 5B). Interestingly, the reverse did not hold true; deletion of hydrogenase resulted in only a slight increase (~12%) in urease activity in the G27 background (Fig 2B) , as was previously observed in the 26695 background [45] . Both the urease and the hydrogenase maturation pathways require intracellular nickel and the accessory proteins HypA and HypB. However, urease is the major nickel sink [13] , suggesting that the equilibrium between the two pathways favors urease. We hypothesize that deletion of urease increases the nickel available to the hydrogenase maturation pathway, resulting in an increase in hydrogenase activity. While deletion of hydrogenase also increases the nickel available to the urease maturation pathway, it is to a lesser extent; therefore, this results in only a slight increase in urease activity.
The N-terminal nickel-binding site of HypA requires both the N-terminal amine [26] and His2 [23] . Indeed, the localization of the nickel-binding site to the N terminus was originally determined based on the loss of nickel binding in a H2A-HypA mutant strain [23] . It is worth noting that the H2A-HypA and L2
Ã -HypA mutations share several characteristics, each of which suggest that loss of the imidazole or N-terminal amine as a nickel ligand results in similarly deficient HypA proteins. For example, though neither mutation causes overt structural changes, both are deficient for nickel binding [23, 26] . Both H2A-HypA and L2
Ã -HypA retain protein-protein interactions with the partners that have been tested: cross-linking reactions showed that H2A-HypA interacts with HypB [23] and isothermal calorimetry studies showed that L2
Ã -HypA interacts with UreE [26] . Urease activity of each mutant strain is greatly reduced:~2% for H2A-HypA [23] and 0.1% for L2 Ã -HypA [26] . Furthermore, hydrogenase activity was also impaired for each mutant strain: <2.5% for H2A-HypA [23] and 14% for L2
Ã -HypA (Fig 5A) . Though not tested with H2A-HypA, studies indicate that the zinc-binding site is unaffected in L2 Ã -HypA, and that the coordination around the nickel ion changes from 6-coordinate to 5-coordinate geometry, which causes the Ni site to adopt a low-spin electronic configuration [26] . Taken together, the available data suggest that mutation of the HypA nickel-binding site does not affect the protein-protein interactions involved in downstream urease and hydrogenase maturation, but instead results in a decrease in urease and hydrogenase activities due to a decrease in HypA nickel affinity and subsequent inability of HypA to pass nickel to each maturation pathway.
Within the zinc-binding site and surrounding residues of HypA, it is worth noting that the various constructed mutations show dramatically different phenotypes. The His!Ala mutations resulted in urease activity, hydrogenase activity, and acid survival similar to WT-HypA ( Fig 5B, Table 2, [30] ). Prior studies indicate that the His!Ala mutations result in a structure similar to that which WT-HypA adopts at neutral pH [24] . Furthermore, the zinc site remained Zn(Cys) 4 at both neutral and acidic pH. Finally, the His mutants show the same affinity for nickel as WT-HypA; this includes a weaker affinity for nickel at low pH as compared to neutral pH [24] . The relatively dispensable role for the His residues stands in stark contrast to the role played by the Cys residues in the CxxC motifs. In regards to zinc coordination, nickel affinity, and the amount of nickel bound, mutant HypA containing either Cys!Ala or Cys!Asp mutations adopts the conformation similar to that of WT-HypA in an acidic environment; mutation of a single Cys residue caused the zinc site to switch to a Zn(Cys) 2 (His) 2 conformation, which was maintained regardless of pH [24] . These Cys mutations also result in a weaker affinity for nickel at neutral pH [24] . In terms of urease activity, acid survival, and hydrogenase activity (Fig 5, Table 2 , [30] ), three broad categories of CxxC mutants can be delineated based on the associated phenotypes. First, three of the four Cys!Asp mutants, C77D, C91D, and C94D, as well as the C77A mutant, caused a moderate defect to urease and hydrogenase activity, yet displayed acid resistance equal to WT-HypA. Second, the C74A and C74D mutants were severely defective for urease and hydrogenase activity, but had little effect or a moderate effect, respectively, on acid resistance. Last, the C91A and C94A mutants displayed severe defects in urease and hydrogenase activity, and in acid resistance. No mutants within the panel of HypA mutations displayed a defect in acid resistance without also having a concomitant severe defect in urease and hydrogenase activity. However, a severe defect in urease activity was not always predictive of survival in low pH; for example, mutants C74A, C74D, and C94A showed similar hydrogenase and urease activities, but no defect, a moderate defect, or a severe defect in acid resistance, respectively. This lack of predictive ability around a certain threshold of urease activity is likely due to the limited sensitivity of the assay in lysates containing little urease activity; the activity of even the ΔureB strain was 0.7%. Thus, a more sensitive assay is needed to conclusively predict acid sensitivity. The affinity of the HypA Cys mutant proteins for nickel was not predictive of hydrogenase activity, urease activity, or acid resistance ( Table 2 , [24] ). Instead, it is likely that within the intact H. pylori cell, it is the change in dynamics and/or zinc coordination in the HypA Cys mutant proteins [24] that is responsible for the decrease in hydrogenase and urease activities. Overall, hydrogenase and urease activities were similarly impaired by each HypA mutation. Thus, these findings support the idea that HypA-dependent delivery of nickel to the urease and hydrogenase pathways involves similar mechanisms and structural features of HypA.
In summary, the data presented herein demonstrate that the hydrogenase of H. pylori does not contribute to acid resistance. Furthermore, based on the data presented here and previously [26, 30] , mutation of individual residues within the zinc-and nickel-binding sites of HypA affect urease and hydrogenase activity comparably. Thus, we conclude that the metal coordination sites of HypA play similar roles in urease and hydrogenase maturation.
